Introduction
Nowadays, the standard device structure of Cu(In,Ga)Se 2 (CIGS)-based solar cells includes a very thin film of CdS (ca. 50 nm) synthesized by chemical bath deposition (CBD) method. This layer works as buffer layer between the CIGS absorber layer and the transparent conductor oxide (TCO), ZnO is currently used as TCO. A typical CIGS-based solar cell structure is shown in Figure 1 . The buffer layer is very important to obtain a correct performance of the solar cell, since this layer decreases the mechanical tension stress between absorbent layer and TCO electrode. At present, the best results in electrical conversion have been achieved with solar cells fabricated using the structure Mo/CIGS/ CdS/ZnO. The maximum efficiency reported for this type of devices is 20.1%. 1 In the last decade, serious efforts to substitute the CdS buffer layer by other nontoxic materials have been made for the following reasons: (i) the expected environmental risks arising from implementation of synthesis CdS thin film by CBD process in a CIGS module production line and (ii) the possibility to improve the light transmission in the blue wavelength region by using a material with a wider band gap (E g ) compared to CdS. At present, to obtain Cd-free buffer layers able to achieve high efficiencies without deteriorate the stability of the solar cell is one of the main topics of research in the area of photovoltaic technology. 
The film thickness was measured using a Veeco Dektak 150 profilometer. The surface morphology of as-grown Zn(O,OH)S thin films was studied using a microscope from Park Scientific Instruments (PSI), an atomic force microscopy (AFM) with a scanned area (2 μm × 2 μm) using non-contact mode. Finally, the optical analysis was done spectrophotometrically through Ocean Optics HR2000CG UV-NIR in the range of 300-1000 nm.
Results and Discussion

Thin films growth
The variation of the thickness of Zn(O,OH)S thin films as a function of time and substrate type is plotted in Figure 2 . It is observed that the growth rate of the Zn(O,OH)S films is significantly affected by time and substrate type. 
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there is a period of time (called induction time), during which the nucleation process is induced, this is an important step being necessary to begin the film growth. During the stage of linear growth, the film thickness increases linearly with time. Finally, during the saturation stage, the growth rate decreases significantly as consequence of a reduction of the reagent concentrations in the solution. Figure 2a shows Zn(O,OH)S thin films grown on the two different substrates (SL and CGS). It is observed that the substrate type significantly affects the growth rate. The results also show that the Zn(O,OH)S thin films grew faster on CGS than on SL. This behavior could be explained taking into account that the CBD growth process is affected by the surface kinetic processes. 6 The behavior observed in the zone of linear growth (Figure 2a) , where the thickness of the film changes linearly with time, suggests that this stage of the process can be controlled by the number active sites in the substrate surface. 7 The number of possible sites available for the formation of nuclei can be determined by the composition and morphology of substrate. In general the presence of defects as vacancies and interstitials (Cu, Ga, Se) commonly found in this type of compound can facilitate the presence of those sites. Furthermore, the surface roughness affects the films adhesion and growth due to the greater contact surface area per geometric surface area and the possibility of anchoring of the initial deposit in pores of the substrate.
The formation of the thin film is based on the nucleus generation and succeeding growth, when the whole reaction occurs under constant temperature, the AvramiErofeev equation can be used to approximate some of the kinetic parameters of the reaction. This is an expression of formation rate of the nuclei in the special case when there is completely random nucleation. 7 This kind of general model is attractive for CBD processes. The formal kinetic expression such as the Avrami-Erofeev equation:
where α is the fractional decomposition, t the time, k is a rate constant and n the Avrami exponent which determines the nucleation and growth mode. Equation 2 can be written as:
Plotting ln[-ln(1 -α)] vs. ln(t) the reaction constant (k) and the Avrami exponent (n) can be obtained from the slope and the intercept of the lineal fitting. In Figure 2b , ln[-ln(1 -α)] vs. ln(t) curve is showed and, in Table 1 , the kinetic parameters are listed. Table 1 shows that n values are approximately the same and this indicates that both types of substrate could present the same crystal nucleation mechanisms. It is known that the n value is related with dimension particle growth, in our case the n values are close to one, indicating that the growth occurs in one dimension, probably like a columnar growth. The addition of material from chemical solution to the film in formation could follow this mechanism. On the other side, unlike n the k value changes significantly on substrate type; the value of k duplicates when CGS absorbent layer is used. This corroborates that the growth process occurs faster on CGS than SL and give a quantitative tool to compare the growth rate on both substrates.
Due to the fact that n presents a similar value in both substrates, the nucleation way could be the same and probably follows a columnar growth. Then the CGS substrate must present a greater number of active sites for generation of nuclei than SL substrate for growth of Zn(O,OH)S crystals. It occurs as a a result of the differences in composition and topography of the surface.
Optical characterization
The optical properties of thin film of Zn(O;OH)S were determined from transmission measurements in the range of 300-1000 nm. Figure 3 shows the transmission spectrum of thin film of Zn(O;OH)S (around 150nm). Figure 3 corresponds to the forbidden electronic transition for materials with a direct transition. In this case the electronic transition between valence and conduction band does not involve a change in electronic momentum (k), and thus the absolute minimum of the conduction band and the absolute maximum of the valence band occur at the same point in the k-space. Figure 3 shows an optical transmission about 75-85% in the visible range. This high transparency in the visible region indicates that there are not colloid particles formed by homogeneous reaction on the surface substrate. Furthermore, a sharp absorption edge is observed in the visible region, indicating the good crystallinity and a low defect density near to the band edge. 9 This result is very important because the material obtained in this work presents a high transmittance in the visible region fulfilling one of the most important requirement for a buffer layer. The measured spectral dependence of transmittance was converted to spectral dependence of the absorption coefficient, using equation 4:
where α is the absorption coefficient, d is the film thickness (obtained by profilometry). The optical energy band gap of the films was determined using the relation:
where E g is the band gap energy and A is a constant depending on the transition probability. The optical band gap of the films was determined by extrapolating the linear portion of the (α hn) 2 vs. hn plot on the x-axis.
10 Figure 4 shows the (α hn) 2 vs. hn for thin films of Zn(O;OH)S. It is observed that band gap from thin film of Zn(O,OH),S (3.78 eV) was greater than band gap of bulk ZnS (3.65eV). [11] [12] [13] Two reasons can explain these results: (i) the quantum effect and (ii) chemical composition of the film. The thin films of Zn(O;OH)S have shown the presence of nanocrystalline particles. Additionally, it is known that the co-precipitation of others species in CBD process is common. In the formation of thin films of Zn(O;OH)S, the precipitation of Zn(OH) 2 and ZnO can be present. These compounds can shift the band gap to blue energies like in this case. Thus, the co-precipitation could be the reason for the shift of the band gap to blue energies. This blue change is very favorable because of the blue response of solar cells is improved.
These results suggest that Zn(O;OH)S thin films have adequate optical properties to be use as buffer layer to replace the CdS because Zn(O;OH)S thin films have bigger bad gap than CdS (2.4 eV) 14 and present high transmittance. This results suggest that solar cells response to blue energies could be improve using Zn(O;OH)S thin films as buffer layers. Figure 5 shows AFM images of Zn(O,OH)S thin films deposited by CBD on CGS substrates as function of time. In Table 2 are listed the corresponding grain size average and roughness (R ms ) values, which were determined analyzing the AFM images showed in Figure 4 , through the ProScan image analysis software. Figure 5a shows the CGS-substrate AFM image, in this figure is observed columnar crystals, typical for CGS with a tetragonal structure. Figure 5 also shows the Zn(O,OH)S thin film thickness effects on morphology. It is clearly seen from the AFM images that the grain size of Zn(O,OH)S particles are smaller than grain size of CGS particles (220 nm). Additionally, at 40 min of process, different sized grain particles are distributed randomly throughout the substrate without any crack ( Figure 5 ) and it is seen that Zn(O,OH)S thin films grain size and R ms roughness increase significantly when the film thickness increases (Table 2) . At the initial stage of deposition, many nucleation centers are present on the substrate and smaller crystallites are produced. For shorter time deposition intervals, the films with smaller crystallites are not able to grow into bigger ones, whereas for thicker films the crystallites can be bigger. Finally, Figure 5 clearly shows that after 60 min of CBD process is possible to cover completely and uniformly the CGS surface.
Morphological characterization
Conclusions
Experimental conditions for synthesis of thin films of Zn(O,OH)S through CBD method were obtained in this work. The Zn(O,OH)S buffer layers deposited under CGS substrates were uniform, adherent and presented high transmittance in the visible region of the electromagnetic spectrum. The Avrami-Erofeev equation was used to fit the growth curves. This model indicated that the nucleation process could be the same on the both surfaces used as substrates. The growth process was faster on CGS than SL due to the differences in surface composition and morphology of the substrates. The optical characterization indicated that Zn(O,OH)S layers present bigger bang gap than CdS, the conventionally used as buffer layer. Finally, the thin films of Zn(O,OH)S obtained in this work can be used as buffer layer to replace the toxic CdS buffer layer in solar cells based on CGS.
